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(57) ABSTRACT 

A piezoelectric electroacoustic transducer eliminates the 
need for the interconnection between main Surface elec 
trodes and internal electrodes, and is capable of constructing 
a bimorph diaphragm using a simple connection Structure. 
The piezoelectric electroacoustic transducer includes a lami 
nated body formed by laminating two or three piezoelectric 
ceramic layers, main Surface electrodes each provided on the 
top and bottom main Surfaces, and an internal electrode 
provided between any adjacent two piezoelectric ceramic 
layers. In the piezoelectric electroacoustic transducer, all 
ceramic layers are polarized in the same direction with 
respect to the thickneSS direction, and by applying an 
alternating Voltage across the main Surface electrodes and 
the internal electrode, the laminated body generates a bend 
ing vibration in its entirety. 

8 Claims, 11 Drawing Sheets 
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PIEZOELECTRIC ELECTROACOUSTIC 
TRANSDUCER 

This application is a Continuation of U.S. patent appli 
cation Ser. No. 09/650,041 filed Aug. 29, 2000, now U.S. 
Pat. No. 6,741,710. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a piezoelectric electroa 

coustic transducer Such as a piezoelectric receiver, piezo 
electric Sounder, piezoelectric Speaker, and piezoelectric 
buZZer, and more particularly, to a diaphragm of a piezo 
electric electroacoustic transducer. 

2. Description of the Related Art 
A piezoelectric electroacoustic transducer has been 

widely used for a piezoelectric receiver, piezoelectric 
buZZer, or other Suitable device. This piezoelectric electroa 
coustic transducer typically includes a unimorph type dia 
phragm which is constructed by adhering a circular metallic 
plate to one Surface of a circular piezoelectric ceramic plate, 
wherein the Outer peripheral portion of the diaphragm is 
Supported in a circular case, and wherein an opening of the 
case is closed by a cover. However, Since the unimorph type 
diaphragm obtains bending vibration by adhering a ceramic 
plate, having an Outer diameter that expands and contracts, 
to a metallic plate which does not change in Size in accor 
dance with a Voltage application thereto, the unimorph type 
diaphragm has a drawback that the displacement thereof, 
and thus, the Sound pressure thereof is minimal. 

Japanese Unexamined Patent Application Publication No. 
61-205100, discloses a bimorph type diaphragm having a 
laminated Structure including a plurality of piezoelectric 
ceramic layers. This diaphragm utilizes a sintered body 
obtained by laminating a plurality of ceramic green sheets 
and a plurality of electrodes, and then Simultaneously firing 
them. These electrodes of the diaphragm are electrically 
interconnected via through holes provided at positions 
which do not restrain the vibration of the diaphragm. By 
constructing the bimorph diaphragm So that first and Second 
Vibrational regions thereof disposed in Succession in the 
thickness direction vibrate in opposite directions, a larger 
displacement, and thus, a larger Sound pressure than that of 
a unimorph diaphragm is achieved. 

In the above-described bimorph diaphragm, however, in 
order to vibrate the diaphragm including, for example, three 
ceramic layers in a bending mode, it is necessary to inter 
connect one main Surface electrode with one internal elec 
trode Via a through hole, to interconnect the other main 
Surface electrode with the other internal electrode via a 
through hole, and further to apply an alternating Voltage 
between each of the main Surface electrodes and a corre 
sponding internal electrode, as shown in FIG. 17 in the 
above-described publication. This requires a complicated 
interconnection between main Surface electrodes and inter 
nal electrodes, and thus, increases the production cost of the 
bimorph diaphragm. 

In addition, when the laminated body is being polarized, 
a Voltage must be applied between an internal electrode, and 
top and bottom main Surface electrodes. For example, where 
a diaphragm has a three-layered Structure, as shown in FIG. 
14 in the above-described publication, two through holes 
electrically connected to an internal electrode are connected 
to a connection electrode, and polarization is performed by 
applying a high Voltage between the connection electrode 
and the top and bottom main Surface electrodes. The con 
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2 
ventional bimorph diaphragm, thus, has a drawback that it 
requires extending the internal electrode outside via through 
holes in order to perform polarization, which requires a 
complicated process Such as the formation of the connection 
electrode. 

SUMMARY OF THE INVENTION 

To overcome the above-described problems, preferred 
embodiments of the present invention provide a piezoelec 
tric electroacoustic transducer which eliminates the need for 
the interconnection between main Surface electrodes and 
internal electrodes, and which enables construction of a 
bimorph diaphragm using a simple connection Structure. 

Further, preferred embodiments of the present invention 
provide a piezoelectric electroacoustic transducer in which 
the polarization proceSS is easily performed. 
A first preferred embodiment of the present invention 

provides a piezoelectric electroacoustic transducer including 
a laminated body formed by laminating two or three piezo 
electric ceramic layers, main Surface electrodes each pro 
vided on the top surface and the bottom surface of the 
laminated body, and an internal electrode provided between 
adjacent piezoelectric ceramic layers. In this piezoelectric 
electroacoustic transducer, all of the ceramic layers are 
polarized in the Same thickness direction, and by applying an 
alternating Voltage across the main Surface electrodes and 
the internal electrode, the laminated body generates a bend 
ing vibration. 

In the laminated body according to preferred embodi 
ments of the present invention, when an alternating Voltage 
is applied between the main Surface electrodes and the 
internal electrode, the directions of the electric field occur 
ring on a ceramic layer on the top and bottom Surfaces are 
opposite to each other in the thickness direction. On the 
other hand, the direction of the polarization of every ceramic 
layer is the same with respect to the thickness direction. If 
the direction of the polarization and that of the electric field 
are the same, the ceramic layer will contract in the direction 
of the plane, and if the direction of the polarization and that 
of the electric field are opposite to each other, the ceramic 
layer will expand in the direction of the plane. Therefore, if 
an alternating Voltage is applied as described above, for 
example, when the top ceramic layer expands, the bottom 
ceramic layer contracts, which causes the laminated body to 
generate a bending vibration. Since the displacement of the 
diaphragm is larger than that yielded by a unimorph dia 
phragm, Sound pressure generated by this diaphragm is 
Substantially higher. 

In preferred embodiments of the present invention, Since 
bending Vibration is generated by interconnecting the top 
and bottom main Surface electrodes and applying an alter 
nating Voltage acroSS the main Surface electrodes and inter 
nal electrodes, unlike conventional diaphragms, a compli 
cated interconnection between the main Surface electrodes 
and internal electrodes is not required. This results in 
Simplification of the Structure and reduction in the manu 
facturing cost. 

In accordance with the first preferred embodiment of the 
present invention, the internal electrode is connected to an 
end Surface electrode provided on an end Surface of the 
laminated body, and an alternating Voltage is applied acroSS 
the end Surface electrode and two main Surface electrodes. 
Therefore, additional machining, Such as the formation of 
through holes, is not required. 

Further, in accordance with the first preferred embodi 
ment of the present invention, preferably, the laminated 



US 6,969,942 B2 
3 

body includes three ceramic layers, and the thickness of an 
intermediate ceramic layer is between about 50 percent and 
about 80 percent of the overall thickness of the laminated 
body. To increase Sound preSSure, the number of ceramic 
layers of the laminated body may be increased, but where 
the thickness of the laminated body is fixed because of 
resonance frequency, the lamination number cannot be 
freely increased. 

In a three-layered laminated body, Since there is no 
potential difference between the two internal electrodes, the 
intermediate layer does not contribute to a bending vibra 
tion, and only the top and bottom ceramic layers vibrate in 
a bending mode. The thinner the ceramic layer is, the larger 
the displacement thereof is. Accordingly, if the overall 
thickness of the laminated body is set to a constant value and 
the thickness of the intermediate layer is greater than the 
thicknesses of the top and bottom ceramic layers, the thick 
neSSes of the top and bottom ceramic layers contributing to 
a bending vibration are relatively thin, which results in 
increased displacement. If the intermediate ceramic layer is 
too thick, however, the top and bottom ceramic layers will 
be too thin, which reduces the Strength thereof, leading to a 
failure to yield a large displacement. Therefore, by Setting 
the thickness of the intermediate layer to about 50 percent to 
about 80 percent of the overall thickness of the laminated 
body, a much larger Sound pressure is achieved. 

Moreover, in accordance with the first preferred embodi 
ment of the present invention, preferably, the laminated 
body is constituted of a sintered body obtained by laminat 
ing two or three ceramic green sheets via an electrode film, 
and Simultaneously firing the laminated green sheets, and 
then all of the ceramic layers are polarized in the same 
direction with respect to the thickness direction by applying 
a Voltage acroSS the main Surface electrodes provided on the 
top and bottom Surfaces of the laminated body. Alterna 
tively, the laminated body may be obtained by laminating 
and adhering a plurality of ceramic plates which have been 
previously fired and polarized. This method, however, does 
not produce a thin laminated body, which results in 
decreased Sound pressure. In contrast, laminating ceramic 
layer sheets via an electrode film, and Simultaneously firing 
the laminated ceramic layer sheets produces a laminated 
body which is very thin, which results in an increased Sound 
preSSure. In addition, Since the polarization direction of each 
ceramic sheet of the laminated body is the same, the 
polarization process does not require the application of a 
Voltage across the internal electrodes and the main Surface 
electrodes, unlike the conventional method. That is, polar 
ization is achieved by applying a Voltage acroSS only the top 
and bottom main Surface electrodes, which greatly simplifies 
the polarization process. 
When accommodating the laminated body in a housing, 

and using it as a Sounding body Such as a piezoelectric 
receiver or piezoelectric Sounder, the laminated body pref 
erably has a construction in accordance with a Second 
preferred embodiment of the present invention. When pre 
ferred embodiments of the present invention are applied to 
a piezoelectric receiver, the laminated body is preferably 
used in the frequency range other than a resonance fre 
quency range in order to respond to a wide range of 
frequencies. Therefore, the laminated body has a structure 
wherein only one Set of opposing Sides of the laminated 
body are Supported in a case, and wherein the other Set of 
opposing Sides are displaceably Sealed by an elastic Sealant, 
Such that the displacement is attained, although the vibra 
tional energy of the laminated body is relatively Small. 
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Where preferred embodiments of the present invention 

are applied to a piezoelectric Sounder, the laminated body is 
used in a resonance frequency range in order to respond to 
a high-volume Sound at a single frequency. In this case, to 
produce a very large vibrational energy of the laminated 
body, the laminated body is constructed Such that all four 
Sides of the laminated body are Supported in a case. 

In either of these structures, the main Surface electrodes 
and the internal electrodes of the laminated body extend 
outside the housing without using lead wires, and therefore 
either Structures can be constructed as a Surface-mounting 
type component. 

Other features, characteristics, elements and advantages 
of the present invention will become apparent from the 
following description of preferred embodiments thereof 
with reference to the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective View showing a piezoelectric 
electroacoustic transducer in accordance with a first pre 
ferred embodiment of the present invention. 

FIG. 2 is a cross-sectional view showing the piezoelectric 
electroacoustic transducer in FIG. 1. 

FIG. 3 is a perspective view showing a diaphragm used in 
the piezoelectric electroacoustic transducer in FIG. 1. 

FIG. 4 is a cross-sectional view showing the diaphragm in 
FIG. 3. 

FIG. 5 is a perspective View showing a piezoelectric 
electroacoustic transducer in accordance with a Second 
preferred embodiment of the present invention. 

FIG. 6 is a cross-sectional view showing the piezoelectric 
electroacoustic transducer in FIG. 5. 

FIG. 7 is a exploded perspective view showing the 
piezoelectric electroacoustic transducer in accordance with a 
third preferred embodiment of the present invention, as 
viewed from the back side thereof. 

FIG. 8 is a cross-sectional view showing the piezoelectric 
electroacoustic transducer in FIG. 7. 

FIG. 9 is a perspective view showing a diaphragm used in 
the piezoelectric electroacoustic transducer in FIG. 7. 

FIG. 10 is a cross-sectional view showing the diaphragm 
in FIG. 9. 

FIG. 11 is a cross-sectional view showing the diaphragm 
in accordance with a fourth preferred embodiment of the 
present invention. 

FIG. 12 is a cross-sectional view showing the diaphragm 
in accordance with a fifth preferred embodiment of the 
present invention. 

FIG. 13 is a cross-sectional view showing the diaphragm 
in accordance with a sixth preferred embodiment of the 
present invention. 

FIG. 14 is a characteristic view showing the relationship 
between the thickness of the intermediate layer of the 
piezoelectric electroacoustic transducer including the dia 
phragm in FIG. 13 and the Sound pressure. 

FIG. 15 is a perspective view showing a piezoelectric 
electroacoustic transducer in accordance with a Seventh 
preferred embodiment of the present invention. 

FIG. 16 is a exploded perspective view showing the 
piezoelectric electroacoustic transducer in FIG. 15. 

FIG. 17 is a cross-sectional view taken along a line A-A 
in FIG. 15. 

FIG. 18 is a exploded perspective view showing the 
piezoelectric electroacoustic transducer in accordance with a 
eighth preferred embodiment of the present invention. 
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FIG. 19 is a perspective view showing the piezoelectric 
electroacoustic transducer in accordance with a ninth pre 
ferred embodiment of the present invention. 

FIG. 20 is a exploded perspective view showing the 
piezoelectric electroacoustic transducer in FIG. 19. 

FIG. 21 is a cross sectional view taken along a line B-B 
in FIG. 19. 

FIG. 22 is a exploded perspective view showing the 
piezoelectric electroacoustic transducer in accordance with a 
tenth preferred embodiment of the present invention. 

FIG. 23 is a exploded perspective view showing the 
piezoelectric electroacoustic transducer in accordance with a 
eleventh preferred embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

FIGS. 1 and 2 show a piezoelectric electroacoustic trans 
ducer in accordance with a first preferred embodiment of the 
present invention. This piezoelectric electroacoustic trans 
ducer preferably includes a disk-shaped diaphragm (lami 
nated body) 1, a Substantially circular case 10 accommo 
dating the diaphragm 1, and a bottom cover 11. A Sound 
discharging hole 12 is provided on the top Surface of the case 
10, and the bottom cover 11 is adhered to an opening of the 
bottom Surface of the case 10. External connection terminals 
13 and 14 are provided at Symmetric positions on the outer 
periphery of the case, and are fixed by insert moldings or 
other suitable fixing devices. Part of each of the terminals 13 
and 14 extends to the inside of the case 10. The electrode of 
the diaphragm 1 is electrically connected to the internally 
exposed portions of the terminals 13 and 14 by conductive 
adhesives 15 and 16, respectively. The gaps provided 
between the case 10 and the outer periphery of the dia 
phragm 1 which are coated with the conductive adhesives 15 
and 16 are Sealed by an elastic Sealant Such as Silicone 
rubber (not shown). 
As shown in FIGS. 3 and 4, the diaphragm 1 is con 

Structed by laminating two piezoelectric ceramic layers 2 
and 3 constituted preferably of PZT (Lead zirconate titanate) 
or other suitable material. Main surfaces 4 and 5 are pro 
Vided on the top and bottom Surfaces of the diaphragm 1, 
respectively, and an internal electrode 6 is provided between 
the ceramic layers 2 and 3. The two ceramic layers 2 and 3 
are polarized in the same direction with respect to the 
thickness direction as shown with the boldface arrow in FIG. 
4. 

In this preferred embodiment, the top and bottom main 
surface electrodes 4 and 5 preferably have substantially 
circular shapes of which the diameters are slightly less than 
that of the diaphragm 1. Extraction electrodes 4a and 5a 
extend from the respective electrodes 4 and 5 to the outer 
peripheral edge of the diaphragm 1. The internal electrode 6 
is Substantially Symmetric to the top and bottom main 
Surface electrodes 4 and 5. An extraction electrode 6a of the 
internal electrode 6 extends to a position about which the 
extraction electrodes 4a and 5a are Symmetric, and con 
nected to an end Surface electrode 7 provided on an end 
surface of the diaphragm 1. Portions of the end surface 
electrode 7 extend to the top and bottom surfaces of the 
diaphragm. The extracted electrodes 4a and 5a are con 
nected with the terminal 13 via the conductive adhesive 15, 
and the end Surface electrode 7 is connected with the 
terminal 14 via the conductive adhesive 16. Application of 
a alternating Voltage between the terminals 13 and 14 causes 
the diaphragm 1 to vibrate in a bending mode. 
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6 
For example, when a negative Voltage is applied to one 

terminal 13 and a positive Voltage is applied to the other 
terminal 14, electric fields are generated in the directions as 
shown with the lightface arrows in FIG. 4. If the direction of 
the polarization and that of the electric field are the same, the 
ceramic layers 2 and 3 will contract in the direction of the 
plane, while, if the direction of the polarization and that of 
the electric field are opposite to each other, the ceramic layer 
2 and 3 will expand in the direction of the plane. Therefore, 
the ceramic layer 2 on the top Side contracts, while the 
ceramic layer 3 on the bottom Side expands. This causes the 
diaphragm 1 to be bent So that the central portion thereof 
becomes downwardly convex. Application of an alternating 
voltage between the terminals 13 and 14 causes the dia 
phragm 1 to periodically generate a bending vibration, 
which generates a Sound having a high Sound pressure. 
The diaphragm 1 having the above-described features is 

produced preferably by the method as follows. 
An electrode film is formed, by printing or other Suitable 

electrode forming method, into a predetermined pattern on 
the Surface of a ceramic green mother sheet, and this ceramic 
green mother sheet and a ceramic sheet which does not have 
an electrode film thereon are laminated and preSS-bonded. 

Next, the laminated body is Stamped out or cut out into a 
desired shape corresponding to that of the diaphragm 1. 

Then, the laminated body which has been stamped out or 
cut out is Simultaneously fired into a Sintered body. 

Next, main Surface electrodes are provided on the top and 
bottom main Surfaces of the Sintered laminated body, and a 
polarization Voltage is applied acroSS these main Surface 
electrodes Such that all of the ceramic layerS constituting the 
laminated body are polarized in the same direction with 
respect to the thickneSS direction. 

Thereafter, the end Surface electrodes 7 are formed, and 
thus, the diaphragm 1 is produced. 

In the above method, after the ceramic green sheet in the 
State of a mother sheet is Stamped out into individual 
patterns, the individual patterns are fired and thereafter are 
polarized. Alternatively, however, the fired laminated 
ceramic green sheet may be polarized in the State of a mother 
sheet after being fired, and then the polarized sheet may be 
cut out into individual shapes. In this case, a known method 
Such as laser beam machining may be used in order to cut out 
the sintered body. 

FIGS. 5 and 6 show a piezoelectric electroacoustic trans 
ducer in accordance with a Second preferred embodiment of 
the present invention. In the first preferred embodiment, as 
shown in FIGS. 1 and 2, electrodes of the diaphragm 1 
extend to the outside using the terminals 13 and 14 fixed to 
the case 10, while in the second preferred embodiment, as 
shown in FIGS. 5 and 6, lead wires 20 and 21 are used in 
place of the terminals 13 and 14. In this case, the lead wires 
20 and 21 are connected to the bottom main Surface elec 
trode 5 and the end surface electrode 7, respectively, via 
bonding agents 22 and 23 Such as Solder, a conductive 
adhesive, or other Suitable agent. To achieve this, the top and 
bottom main Surface electrodes 4 and 5 are connected to 
each other via the conductive adhesive. Alternatively, the 
main Surface electrodes 4 and 5 may be previously con 
nected to each other via an end Surface electrode. 

FIGS. 7 and 8 show a piezoelectric electroacoustic trans 
ducer in accordance with a third preferred embodiment of 
the present invention. 

This piezoelectric electroacoustic transducer preferably 
includes a Substantially rectangular diaphragm (laminated 
body) 30, a substantially rectangular case 40 accommodat 
ing the diaphragm 30, and bottom cover 41. A sound 
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discharging hole 42 is provided on the top Surface of the case 
40, and the bottom cover 41 is adhered to an opening of the 
bottom Surface of the case 40. Step-shaped Supporting 
members 42a and 42b are provided on the inner side 
surfaces of two opposing sides of the case 40. The two 
Shorter Sides of the diaphragm 30 are Supported on these 
Supporting members 42a and 42b by Supporting agents 43a 
and 43b such as adhesives. A damping hole 48 is formed in 
a side Surface other than the Side Surfaces where the Sup 
porting members 42a and 42b of the case 40 are provided. 
The gaps provided between the two longer Sides of the 
diaphragm 30 and the case 40 are sealed with elastic Sealants 
44a and 44b Such as silicone rubber. External connection 
electrodes 45a and 45b are provided on the top and bottom 
surfaces of two ends of the bottom cover 41. The top and 
bottom Surfaces of each of the electrode 45a and 45b are 
connected to each other via through holes 46a and 46b, 
formed at the side edge of the two ends of the bottom cover 
41. 

After the bottom cover 41 has been adhered to the opening 
of the bottom Surfaces of the case 40, conductive adhesives 
47a and 47b are poured through the through holes 46a and 
46b, as shown in FIG. 8. Thereby the external connection 
electrodes 45a and 45b and the electrodes of the diaphragm 
30 are interconnected, and the through hole is sealed. The 
piezoelectric electroacoustic transducer is thus produced. 
As shown in FIGS. 9 and 10, the diaphragm 30 of this 

preferred embodiment is obtained by laminating two piezo 
electric ceramic layers 31 and 32. Main surface electrodes 
33 and 34 are provided on the top and bottom surfaces of the 
diaphragm 30, respectively, and an internal electrode 35 is 
provided between the ceramic layers 31 and 32. The two 
ceramic layerS 31 and 32 are polarized in the same direction 
with respect to the thickness direction as shown with the 
boldface arrow in FIG. 10. 

In this preferred embodiment, the top main Surface elec 
trode 33 and the bottom main Surface electrode 34 are 
arranged So that the widths thereof are each Substantially 
equal to the shorter side of the diaphragm 30 and the lengths 
thereof are each Somewhat shorter than the longer Side of the 
diaphragm 30. One end of each of the top and bottom main 
Surface electrodes 33 and 34 is connected to an end electrode 
36 provided on the end surface on one of the shorter sides 
of the diaphragm 30. The top and bottom main surface 
electrodes 33 and 34 are, therefore, connected to each other. 
The internal electrode 35 is arranged to have a substantially 
symmetric shape with the main surface electrodes 33 and 34. 
One end of the internal electrode 35 is spaced from the end 
electrode 36, while the other end thereof is connected to an 
end electrode 37 provided on the end surface on the other of 
the shorter sides of the diaphragm 30. A relatively narrow 
auxiliary electrode 38 connected with the end surface elec 
trode 37 is provided on the top and bottom surfaces of an end 
portion on the side of the other of the shorter sides of the 
diaphragm 30. 
As shown in FIGS. 8 and 9, the end Surface electrode 36 

or the bottom main Surface electrode 34 is connected to the 
external connection electrode 45a via the conductive adhe 
sive 47a, and the end Surface electrode 37 is connected to the 
end Surface electrode 45b via the conductive adhesive 47b. 
By applying a desired alternating Voltage between the exter 
nal connection electrodes 45a and 45b, the diaphragm 30 
Vibrate in a longitudinal bending mode, wherein the shorter 
Sides of thereof Serve as fulcrums and wherein the maximum 
amplitude is obtained at the approximate central portion 
thereof in the longitudinal direction. 
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In the Substantially circular diaphragm 1 of the first 

preferred embodiment, Since the maximum amplitude is 
obtained only at the approximate central portion thereof, the 
displacement Volume thereof is relatively Small and the 
electroacoustic conversion efficiency thereof is relatively 
low. Also, because the movement of the outer periphery of 
the diaphragm 1 is restricted, the vibrational frequency 
thereof is relatively high. Accordingly, to obtain a piezo 
electric diaphragm having a low vibrational frequency, the 
radius of the diaphragm 1 must be increased. On the other 
hand, in the Substantially rectangular diaphragm 30 in the 
third preferred embodiment, because the maximum ampli 
tude is obtained along the centerline thereof in the longitu 
dinal direction, the displacement volume thereof is relatively 
large, and thereby a relatively high electroacoustic conver 
Sion efficiency is achieved. Furthermore, although both end 
portions of the diaphragm 30 in the longitudinal direction 
are fixed, the elastic Sealants 44a and 44b permits those end 
portions of the diaphragm 30 to be freely displaced, and 
thereby provides a lower vibrational frequency than that of 
the Substantially circular diaphragm. Conversely, when the 
Vibrational frequency of the circular diaphragm and that of 
the rectangular diaphragm are the Same, the Substantially 
rectangular diaphragm is Smaller in Size than the Substan 
tially circular diaphragm. 

FIG. 11 shows a diaphragm in accordance with a fourth 
preferred embodiment of the present invention, which is a 
variation of that shown in FIG. 10. 

In FIG. 10, the internal electrode 35 is a partial electrode, 
but in FIG. 11, the internal electrode 35 is an entire elec 
trode. In this case, Since the entire electrode 35 extends up 
to the end Surface electrode 36, there is a risk that the 
internal electrode will contact with the end Surface electrode 
36. To avoid this risk, an insulating layer 39 is provided on 
an end Surface of a diaphragm 30', and then the end Surface 
electrode 36 which connects the main Surface electrodes 33 
and 34 is provided on the insulating layer 39. Thereby, even 
when the internal electrode 35 is an entire electrode, the 
internal electrode 35 is reliably insulated from the main 
Surface electrodes 33 and 34. 

FIG. 12 shows a diaphragm in accordance with a fifth 
preferred embodiment of the present invention. 
The diaphragm 50 in this preferred embodiment is made 

by laminating three piezoelectric ceramic layerS 51 through 
53. In the diaphragm 50, main surface electrodes 54 and 55 
are provided on the top and bottom Surfaces of the dia 
phragm 50, respectively, and internal electrodes 56 and 57 
are provided between the ceramic layers 51 and 52, and 
between the ceramic layers 52 and 53, respectively. These 
three ceramic layers are polarized in the same direction with 
respect to the thickness direction as shown with the boldface 
arrow in FIG. 12. 

In this preferred embodiment, in the same manner as 
shown in FIG. 10, the main Surface electrodes 54 and 55 are 
provided so that the widths thereof are each substantially 
equal to that of the shorter side of the diaphragm 50, and the 
lengths thereof are Somewhat shorter than the longer Side of 
the diaphragm 50. One end of each of the top and bottom 
main Surface electrodes 54 and 55 is connected to an end 
surface electrode 58 provided on the end surface on one of 
the shorter sides of the diaphragm 50. The top and bottom 
main Surface electrodes 54 and 55 are, therefore, connected 
to each other. One end of each of the internal electrodes 56 
and 57 is spaced from the end electrode 58, and the other end 
thereof is connected to an end surface electrode 59 provided 
on the end Surface on the other of the shorter sides of the 
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diaphragm 50. The internal electrodes 56 and 57, therefore, 
are also connected to each other. 
A narrow auxiliary electrode 59a connected with the end 

surface electrode 59 is provided on the top and bottom 
surfaces of an end portion on the side of the other of the 
shorter sides of the diaphragm 50. 
When a negative Voltage and a positive Voltage are 

applied to the end surface electrodes 58 and 59, respectively, 
electric fields are generated in the directions as shown with 
the lightface arrows in FIG. 12. At this time, since the 
internal electrodes 56 and 57 located on opposite sides of the 
intermediate ceramic layer 52 have equal electric potential, 
they generate no electric field. The ceramic top layer 51 
contracts in the direction of the plane Since the direction of 
the polarization and that of the electric field of the top 
ceramic layer 51 are the Same, while the bottom ceramic 
layer 53 expands in the direction of the plane since the 
direction of the polarization and that of the electric field of 
the ceramic bottom layer 53 are opposite to each other. The 
intermediate ceramic layer 52 neither expands nor contracts. 
Accordingly, the diaphragm 50 is bent to be downwardly 
convex. By applying an alternating Voltage between the end 
surface electrodes 58 and 59, it is possible to periodically 
Vibrate the diaphragm in a bending mode, to thereby gen 
erate a high Sound pressure. 

In FIG. 12, as the internal electrodes 56 and 57, partial 
electrodes are used, but entire electrodes may also be used 
as shown in FIG. 11. 
The manufacturing method for the above-described dia 

phragm 50 having the three-layered structure is preferably 
the same as that for the two-layered diaphragm 1 shown in 
FIG. 4. That is, an electrode film is formed into a predeter 
mined pattern by printing or other Suitable method on the 
Surface of a ceramic green sheet in the State of a mother 
sheet, and three of these ceramic Sheets are laminated and 
preSS-bonded. Next, this laminated body is Stamped out or 
cut out into the shape corresponding to that of the diaphragm 
50. Then, the laminated body which has been stamped out or 
cut out is simultaneously fired into a Sintered laminated 
body. 

Next, main surface electrodes 54 and 55 are provided on 
the top and bottom main Surfaces of the Sintered laminated 
body, and by applying a polarization Voltage across these 
main Surface electrodes, all of the ceramic layerS 52 through 
53 of the laminated body are polarized in the same direction 
with respect to the thickness direction. 

Thereafter, the end Surface electrodes 58 and 59 are 
provided, and thus, the diaphragm 50 is achieved. 

In this case, interconnection between the internal elec 
trodes 56 and 57, and the main Surface electrodes 54 and 55 
is not required when performing the polarization. Polariza 
tion is performed by merely applying a Voltage across the 
main surface electrodes 54 and 55. This simplifies the 
polarization process. 

FIG. 13 shows a diaphragm in accordance with a sixth 
preferred embodiment of the present invention. 

The preferred embodiment shown in FIG. 12 is a dia 
phragm wherein the thickness of all of the ceramic layers 51 
through 53 are substantially the same. Alternatively, the 
preferred embodiment shown in FIG. 13 is a diaphragm 
wherein the intermediate ceramic layer 52 is thicker than the 
ceramic layers 51 and 53. It is particularly preferable that the 
thickness of the intermediate ceramic layer 52 occupy about 
50 percent to about 80 percent of the overall thickness of the 
diaphragm 50' Here, since the structure of the diaphragm 50' 
is otherwise the same as that of the diaphragm 50 shown in 
FIG. 12, description thereof will be omitted. 
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FIG. 14 shows the change in the Sound pressure in 

accordance with the change in the thickness ratio of the 
intermediate ceramic layer 52. The vertical axis represents 
the ratio of the sound pressure of the diaphragm 50' with 
respect to that of the two-layered diaphragm as shown in 
FIG. 10. The horizontal axis represents the ratio of the 
thickness of the intermediate ceramic layer 52 with respect 
to the overall thickness of the diaphragm 50'. Sound pres 
Sures of the diaphragm 50' were measured under the con 
ditions in which the overall thickness of the diaphragm 50 
is constant and the applied Voltage is constant. 
As is evident from FIG. 14, a higher sound pressure is 

obtained in the three-layered diaphragm than in the two 
layered diaphragm. In addition, even higher Sound preSSure 
is obtained in the case where the thickness ratio is between 
about 50 percent and about 80 percent than in the case where 
the thickness of each of the three layers is equal (i.e., when 
the thickness ratio is about 33 percent). Notably, when the 
thickness ratio is between about 60 percent and about 70 
percent, the maximum Sound pressure is obtained, which is 
about 1.6 times as high as the Sound pressure obtained by the 
two-layered diaphragm. Where the lamination number is 
limited, therefore, it is possible to increase the Sound pres 
Sure up to the maximum value thereof by increasing the 
thickness of the intermediate layer while minimizing the 
lamination number (3 layers in this example). 

FIGS. 15 through 17 shows a piezoelectric electroacoustic 
transducer in accordance with a Seventh preferred embodi 
ment of the present invention, which is constructed as a 
Surface-mounting type piezoelectric receiver. 

This piezoelectric receiver includes a Substantially rect 
angular diaphragm (laminated body) 30, a substantially 
rectangular case 60 accommodating this diaphragm30, a top 
cover 68 having a discharging hole 69. Since the diaphragm 
30 is the same as that shown in FIGS. 9 and 10, the same 
elements as those in FIGS. 9-10 are identified by the same 
reference numerals. The case 60 is preferably made of a 
heat-resistant resin Such as LCP (liquid crystal polymer), 
SPS (syndiotatic polystyrene), PPS (polyphenylene sulfide), 
epoxy or other suitable material. The top cover 68 is made 
of a heat-resistant material Such as liquid crystal polymer, 
glass epoxy or other Suitable heat-resistant material, or made 
of a ceramic. An opening 61 is provided on the top Surface 
of the case 60, and a top cover 68 is adhered to this top 
Surface opening 61. Step-shaped Supporting members 62a 
and 62b are provided on the inner side surfaces of two 
opposing Sides of the case 60. External connection terminals 
63a and 63b are insert-molded so as to be exposed to the top 
Surface of the Supporting members 62a and 62b and the 
outer side Surfaces of the case 60. These external connection 
terminals 63a and 63b are constructed by, for example, 
Au-plating or Sn-plating metallic terminals constituted of 
Cu alloy, Fe, or other suitable method. A damping hole 64 
is provided in a side Surface other than the Side Surfaces 
where the Supporting members 62a and 62b of the case 60 
are provided. 
The two shorter sides of the diaphragm 30 are supported 

on the Supporting member 62a and 62b by Supporting agents 
65a and 65b. The gaps provided between the two longer 
sides of the diaphragm 30 and the case 60 are sealed with 
elastic Sealants 66a and 66b Such as silicone rubber. The end 
surface electrodes 36 and 37 provided on the shorter sides of 
the diaphragm 30 are electrically connected with the exter 
nal connection electrodes 63a and 63b exposed to the top 
Surface of the Supporting members 62a and 62b, via the 
conductive pastes 67a and 67b, respectively. Preferably, the 
application of Supporting agents 65a and 65b, and elastic 
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sealants 66a and 66b is performed after the diaphragm 30 
and the external connection electrodes 63a and 63b have 
been adhered by the conductive pastes 67a and 67b. Heat 
curing of the conductive pastes 67a and 67b, the Supporting 
members 65a and 65b, and the elastic Sealants 66a and 66b 
may be simultaneously performed. 

FIG. 18 shows a piezoelectric electroacoustic transducer 
in accordance with a eighth preferred embodiment of the 
present invention, which is a variation of that shown in 
FIGS. 15 through 17. 

This preferred embodiment is not constructed by inserting 
the external connection electrodes 63a and 63b into the case 
60, but is constructed by inserting metallic terminals pro 
vided as separate ones into the holes 60a of the case 60 and 
adhering the metallic terminals to the holes 60a. Since other 
structures are the same as those shown in FIGS. 15 through 
17, the same elements as those in FIGS. 15-17 are identified 
by the same reference numerals, to avoid repeated descrip 
tions. 

FIGS. 19 through 21 shows a piezoelectric electroacoustic 
transducer in accordance with a ninth preferred embodiment 
of the present invention, which is constructed as a Surface 
mounting type component. 

This preferred embodiment uses electrode films 63c and 
63d formed by electroless wet plating method or dry plating 
Such as Sputtering, in place of the external connection 
electrodes 63a and 63b constituted of the insert terminals in 
FIGS. 15 through 17. In this preferred embodiment, the 
electrode films 63c and 63d are continuously provided from 
the outer Surfaces of the Sides on which the Supporting 
members 62a and 62b are provided to the top surfaces of the 
supporting members 62a and 62b. 

Since other Structures are the Same as those shown in 
FIGS. 15 through 17, the same elements as those in FIGS. 
15 through 17 are identified by the same reference numerals, 
to avoid repeated descriptions. 

In the preferred embodiments shown in FIGS. 15 through 
21, not only the diaphragm 30 shown in FIGS. 9 and 10, but 
the diaphragm 30', 50, and 50' shown in FIGS. 11, 12, and 
13, respectively, may also be used as a diaphragm. 

FIG. 22 shows a piezoelectric electroacoustic transducer 
in accordance with a tenth preferred embodiment of the 
present invention, which is a variation of that shown in FIG. 
7. The same elements as those in FIG. 7 are identified by the 
Same reference numerals, to avoid repeated descriptions. 

FIG. 22 is a perspective view showing this preferred 
embodiment as viewed from the bottom side. Step-shaped 
Supporting members 42 are provided all around the inner 
Side Surface of a case 40. The top Surfaces of these Support 
ing members 42 are configured So as to be flush to each 
other, and all of the four sides of the diaphragm 30 are 
Supported on the Supporting members 42 by Supporting 
agents 43 Such as an adhesive, or other Suitable agent. 

This preferred embodiment is used as a Sounder operable 
at a Single frequency, Such as a piezoelectric Sounder. 
Although the diaphragm 30 is restrained at the entire perim 
eter thereof by the Supporting agent 43, use of the diaphragm 
30 in the resonance frequency range permits the diaphragm 
30 to be strongly excited, which results in a high-level 
Sound. 

FIG. 23 shows a piezoelectric electroacoustic transducer 
in accordance with a eleventh preferred embodiment of the 
present invention. Since this preferred embodiment has 
substantially same structure as that shown in FIGS. 15 
through 17, the same elements as those in FIGS. 15 through 
17 are identified by the same reference numerals, to avoid 
repeated descriptions. 
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In this preferred embodiment, Step-shaped Supporting 

members 62 are provided all around the inner side surface of 
a substantially rectangular case 60. All of the four sides of 
a diaphragm 30 are Supported on Supporting member 62 by 
a Supporting agent 65 Such as an adhesive, or other Suitable 
agent. 

This preferred embodiment is also used as a Sounder 
operable at a Single frequency, Such as a piezoelectric 
Sounder. The diaphragm is used in the resonance frequency 
range. 
The present invention is not limited to the above-de 

Scribed embodiments, but various changes and modifica 
tions may be made in the present invention without depart 
ing from the Spirit and the Scope thereof. 

In the above-described preferred embodiments, an end 
Surface electrode connected with an internal electrode is 
provided on the end Surface of the diaphragm, and the 
internal electrode is extracted outside via the end Surface 
electrode of a diaphragm. Alternatively, however, the inter 
nal electrode may be extracted outside via a through hole as 
disclosed in Japanese Unexamined Patent Application pub 
lication No. 61-205100, or may be extracted outside via a 
Slit-shaped groove or Slit-shaped hole. 

In the above-described preferred embodiments, the dia 
phragm 1, 30, 30', 50, and 50' are made by laminating two 
or three ceramic green sheets via an electrode film, Simul 
taneously firing this laminated body into a Sintered body, and 
then polarizing this sintered laminated body. In place of this 
method, however, the diaphragm may be obtained by lami 
nating two or three ceramic plates which has been previ 
ously fired and polarized, and adhering the laminated 
ceramic plates to each other. However, the former manu 
facturing method in which firing is performed after lami 
nating ceramic Sheets, is capable of making the diaphragm 
much thinner and yielding a higher Sound pressure than the 
latter producing method in which the previously fired 
ceramic sheets are laminated. The former method, therefore, 
permits the diaphragm to have a Superior electroacoustic 
conversion efficiency. 
The diaphragm in accordance with preferred embodi 

ments of the present invention is not limited to a diaphragm 
constituted exclusively of piezoelectric ceramic layers. A 
reinforced sheet Such as a metallic film or resin sheet may be 
adhered to one side of the laminated body. Unlike the 
metallic plate used in a unimorph diaphragm, however, this 
reinforced sheet is used for preventing a laminated body 
from generating cracks or other Structural defects. Prefer 
ably, the reinforced sheet used is Such as not to hinder the 
bending vibration of the laminated body. 
AS is evident from the above description, in accordance 

with one aspect of preferred embodiments of the present 
invention, main Surface electrodes are provided on the top 
and bottom Surfaces of the laminated body including two or 
three piezoelectric ceramic layers, internal electrodes are 
provided between ceramic layers, and all of the ceramic 
layers are polarized in the same direction with respect to the 
thickness direction, and consequently by applying an alter 
nating Voltage between the main Surface electrodes and the 
internal electrodes, the bottom ceramic layer contracts, for 
example, when the top ceramic layer expands, which causes 
the laminated body to generate a bending vibration in its 
entirety. The vibrational displacement of the present dia 
phragm is larger than that of the unimorph type diaphragm, 
which results in a increased Sound pressure. 

In addition, Since all of the ceramic layers are polarized in 
the Same direction with respect to the thickness direction, 
there is no need for a complicated interconnection between 



US 6,969,942 B2 
13 

the main Surface electrodes and the internal electrodes, 
unlike the conventional method. Bending vibration of the 
diaphragm is obtained by merely applying a Voltage acroSS 
the main Surface electrodes and the internal electrodes. This 
results in Simplification of the Structure and reduction in the 
production cost. 
What is claimed is: 
1. A piezoelectric electroacoustic transducer comprising: 
a laminated body having a top Surface and a bottom 

Surface and including at least two piezoelectric ceramic 
layerS laminated together, 

main Surface electrodes each provided on the top Surface 
and the bottom surface of said laminated body; 

an internal electrode provided between any adjacent two 
of Said at least two piezoelectric ceramic layers, and 

a case for accommodating the laminated body, wherein 
all of the ceramic layers are polarized in the Same direc 

tion with respect to the thickness direction; 
Said laminated body vibrates in a bending vibration mode 

in response to an alternating Voltage being applied 
acroSS Said main Surface electrodes and Said internal 
electrode; and 

the entire laminated body is Sealed to a portion of the case. 
2. A piezoelectric electroacoustic transducer as claimed in 

claim 1, wherein Said internal electrode is connected with an 
end Surface electrode provided on an end Surface of Said 
laminated body and an alternating Voltage is applied acroSS 
Said end Surface electrode and Said two main Surface elec 
trodes. 

3. A piezoelectric electroacoustic transducer as claimed in 
claim 1, wherein Said laminated body is constructed of a 
sintered body including a laminated and sintered body of at 
least two ceramic green sheets and an electrode film and all 
ceramic layers are polarized in the same direction with 
respect to the thickness direction by applying a Voltage 
acroSS Said main Surface electrodes formed on the top and 
bottom surfaces of said laminated body. 

4. A piezoelectric electroacoustic transducer as claimed in 
claim 2, wherein Said laminated body is constructed of a 
Sintered body including a laminated and Sintered body of at 
least two ceramic green sheets and an electrode film and all 
ceramic layers are polarized in the same direction with 
respect to the thickness direction by applying a Voltage 
acroSS Said main Surface electrodes formed on the top and 
bottom surfaces of said laminated body. 

5. A piezoelectric electroacoustic transducer comprising: 
a laminated body including at least two piezoelectric 

ceramic layers that are laminated together; 
top and bottom main Surface electrodes provided on a top 

main Surface and a bottom main Surface of Said lami 
nated body; and 

an internal electrode provided between said at least two 
piezoelectric ceramic layers, wherein 

all of Said at least two ceramic layers are polarized in the 
Same direction with respect to a thickness direction of 
Said laminated body; 
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Said laminated body vibrates in a bending vibration mode 

in response to an alternating Voltage being applied 
acroSS Said top and bottom main Surface electrodes and 
Said internal electrode, 

Said laminated body is configured in a Substantially rect 
angular plate; 

Said top and bottom main Surface electrodes are intercon 
nected via a first end Surface electrode provided on a 
first end Surface of Said laminated body; 

Said internal electrode is connected to a Second end 
Surface electrode provided on a Second end Surface of 
Said laminated body opposed to Said first end Surface; 

Said top and bottom main Surface electrodes are located in 
Substantially rectangular regions Surrounded by the first 
end Surface and two end Surfaces that are Substantially 
perpendicular to the first end Surface, and ends of Said 
top and bottom main Surface electrodes are arranged 
adjacent to the Second end Surface; 

Said internal electrode is located in a Substantially rect 
angular region Surrounded by the Second end Surface 
and the two end Surfaces that are Substantially perpen 
dicular to the Second end Surface, and an end of Said 
internal electrode is arranged adjacent to the first end 
Surface; and 

auxiliary electrodes are provided in regions of the top and 
bottom main Surfaces of Said laminated body along the 
Second end Surface, the auxiliary electrodes are con 
nected to Said Second end Surface electrode and are 
Spaced from Said top and bottom main Surface elec 
trodes. 

6. A piezoelectric electroacoustic transducer as claimed in 
claim 5, wherein said laminated body includes three ceramic 
layers, and 

a thickness of an intermediate ceramic layer of Said three 
ceramic layers is between about 50% and about 80% of 
the overall thickness of said laminated body. 

7. A piezoelectric electroacoustic transducer as claimed in 
claim 5, wherein Said laminated body is constructed of a 
Sintered body obtained by laminating at least two ceramic 
green sheets via an electrode film, and Simultaneously firing 
the laminated green sheets, and 

all of the at least two ceramic layers are polarized in the 
Same direction with respect to the thickness direction 
by applying a Voltage acroSS Said top and bottom main 
Surface electrodes. 

8. A piezoelectric electroacoustic transducer as claimed in 
claim 6, wherein said laminated body is defined by a sintered 
body obtained by laminating three green sheets via electrode 
films, and Simultaneously firing the laminated green sheets, 
and 

all of the three ceramic layers are polarized in the same 
direction with respect to the thickness direction by 
applying a Voltage acroSS Said top and bottom main 
Surface electrodes. 


